Untreated HIV infection results in severe perturbations of the B-cell population and hyporesponsiveness to vaccination. We studied associations between circulating B-cell subsets and antibody response to pneumococcal conjugate vaccine in treated and untreated HIV patients. Ninety-five HIV-infected adults were grouped according to antiretroviral therapy (ART) and CD4+ cell count as follows: 20 ART-naïve (no prior ART), 62 ART-responders (received ART, and CD4 count .500 cells/ ml), and 13 impaired responders (received ART for more than 3 years, and CD4 count ,500 cells/ml). All subjects were immunized twice with double-dose 7-valent pneumococcal conjugate vaccine with or without 1 mg CPG 7909 (toll-like receptor 9 agonist) at baseline and after three months. Pre-vaccination B-cell subpopulations were assessed by flow cytometry. Serum IgG concentrations for vaccine serotypes were quantified by ELISA at baseline and 3, 4, and 9 months post-vaccination. ART responders had more isotype-switched memory B cells and more marginal-zone (MZ)-like B cells compared with impaired responders. Furthermore, ART-naïve patients had higher concentration of transitional B cells and plasmablasts compared with B cells of other patient groups. The concentration of MZ-like, isotype switched memory cells and plasmablasts correlated positively with post-vaccination IgG concentration at 3, 4, and 9 months. Low concentrations of isotype-switched memory B cells was the strongest independent predictor of poor pneumococcal conjugate vaccine responsiveness, emphasizing that B-cell subset disturbances are associated with poor vaccine response among HIV-infected patients
Introduction
Persons with HIV infection have a six-to eight-fold increased risk of pneumonia [1, 2] and up to a 40-fold higher risk of invasive pneumococcal disease compared with healthy individuals [3] . The U. S. National Institutes of Health recommend vaccination of HIV patients with the 23-valent polysaccharide vaccine (PPV-23) [4] . However, a higher risk of pneumococcal infection persists, even among vaccinated individuals [5, 6] . Although use of antiretroviral therapy (ART) improves the response to pneumococcal vaccination [7, 8] , post-vaccination antibody levels are lower among ART-treated individuals compared with HIV-uninfected persons [9, 10] .
The main protective mechanism against invasive pneumococcal disease is opsonizing, serotype-specific anticapsular immunoglobulins (Ig), although other factors, such as non-capsular antibodies and interleukin (IL)-17-producing CD4 T cells, may also play a role [11] .
HIV infection affects humoral immunity both indirectly, through reduced T-cell help, and directly, through changes in the B-cell compartment [12] . These changes include polyclonal activation of the B-cell pool, dysregulation of isotype switching, structural damage to secondary lymphoid organs, and perturbations in the proportions and absolute numbers of circulating B-cell subsets [12, 13] leading to reduced responsiveness to immunization [13, 14] . IgM + memory B cells are central in immune responses to T-cellindependent antigens, such as pneumococcal capsular polysaccharides [15] . The IgM memory B cell type was originally regarded as a memory subset because these B cells possess somatically hypermutated IgM receptors [16] . However, more recent findings suggest that these cells are a recirculating counterpart of splenic marginal zone (MZ) B cells and possess a pre-diversified immune repertoire capable of responding rapidly to encapsulated bacteria [15, 17] .
Initiation of suppressive ART reduces polyclonal B-cell activation [12, 18] and normalizes the numbers of both circulating transitional and naïve B cell [12, 13, 19, 20] . However, neither the amount of circulating isotype-switched memory B cells nor their functions are restored by ART [14, 21] which may affect antibodymediated immunity, even in well-treated HIV patients [9, 10] .
The seven-valent pneumococcal conjugate vaccine (PCV-7) protects against invasive pneumococcal disease in HIV infected adults [22] ; furthermore, addition of toll-like receptor 9 (TLR9) agonist (CPG 7909) as an adjuvant to PCV-7 increases the odds of HIV-infected patients achieving a high vaccine-specific IgG antibody response [23] . The aim of this study was to delineate Bcell subsets in treated and untreated HIV patients and to determine the association of these subsets with antibody responses to PCV-7 administered with or without a TLR9 agonist.
Methods

Study design and ethics statement
This observational study was a sub-study to an investigatorinitiated phase Ib/IIa, randomized, double-blind, placebo-controlled trial, in which HIV-infected adults were immunized with pneumococcal vaccines with or without CPG 7909 [23] . The Danish Medicines Agency, the Regional Ethics Committee, and the Danish Data Protection Agency approved the study protocols. Studies were registered at www.clinicaltrials.gov (NCT00562939). All participants provided written informed consent.
Setting and participants
The study was conducted at the Department of Infectious Diseases, Aarhus University Hospital, Skejby, Denmark. The study population included 95 HIV-seropositive volunteers aged 18 years or older. Three distinct patient groups were identified within the cohort. Patients never treated with antiretroviral drugs were categorized as ''ART-naïve'' (n = 20). Patients who received ART for a minimum of three years without reaching a CD4 T cell count above 500 cells/ml were classified as immunologically ''impaired responders'' (n = 13). Finally, patients on ART who achieved a CD4 T cell count above 500 cells/ml were defined immunologically as ''ART-responders'' (n = 62).
To obtain a well-defined and representative population, we excluded individuals who had received PPV-23 immunization within the last five years, were on antiretroviral therapy for less than six months, were on antiretroviral therapy with HIV RNA above 50 copies/ml, had a CD4 T cell count below 200 cells/ml, or were unavailable for first follow-up visit after first immunization.
Immunization and sample collection
All participants were immunized with twice the standard dose of PCV-7 (Prevnar, Wyeth) at baseline and three months later. Participants were seen 4 and 9 months after first immunization for blood sampling and safety follow-up ( Figure 1 ). One group received 1.0 mg CPG7909 (formulated in 100 ml phosphate buffered saline (PBS)) added to each of their two vaccine doses, whereas the other group received placebo (PBS) added to the vaccine doses. Before vaccination and at the 3, 4, and 9-month follow-up visits, we collected serum for antibody measurements and routine laboratory tests including HIV RNA level (Roche Amplicor; F. Hoffmann-La Roche, Basel, Switzerland) and CD4 T-cell counts (FACSCalibur or FACSCanto; Becton-Dickinson, San Jose, CA). Peripheral blood mononuclear cells (PBMCs) were isolated from sodium citrate-stabilized whole blood in 8-ml cell preparation tubes (CPT Vacutainer, BD Biosciences, Franklin Lakes, NJ) according to the manufacturer's instructions. PBMCs were resuspended in RPMI 1640 medium (Sigma-Aldrich, Seelze, Germany) with 10% dimethyl sulfoxide and 20% heat-inactivated fetal calf serum before cryopreservation at 2170uC.
Assessment of immunogenicity
Serotype-specific IgG serum concentrations for PCV-7 serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) were analyzed in one batch by ELISA [24] . Serum samples were preadsorbed with optimal concentrations of pneumococcal cell wall and 22F-capsular polysaccharides [25] . We used the WHO recommended ELISA for quantitation of Streptococcus pneumoniae serotype specific IgG which has two adsorption steps: the CWPS (C-Ps, Teichoic acid) and the 22F pneumococcal capsule. For further information please refer to http://www.vaccine.uab.edu/ ELISAProtocol(89SF).pdf Opsonophagocytic activity (OPA) of anticapsular antibodies (serotypes 6B, 14, 19F, and 23F) was measured using a flow cytometric opsonophagocytic assay giving indirect information on the antibodies' ability to opsonize and facilitate killing of invading pneumococci [26] (Flow applications Inc., Illinois, USA). Serum samples were stored at 280uC before shipment for analysis.
Cell staining and flow analysis
Multicolour flow cytometry was performed in batches of eight to ten patient samples per day. The cryopreserved PBMCs were rapidly thawed and transferred into 30 ml cold (+5uC) buffered saline solution (BSS). After a double wash, cells were resuspended in FACS tubes (Becton Dickinson) with a staining buffer containing bovine serum albumin and incubated for 20 minutes with the following antibodies (BD Biosciences): a-CD19 (clone 4G7) and a-CD20 (clone L27) conjugated peridinin chlorophyll protein complex (PerCP), a-IgD (clone IA6-2) conjugated phycoerythrin (PE), a-IgM (clone G20-127) conjugated fluorescein isothiocyanate (FITC), a-CD38 (clone HB7) conjugated PEcyanine 7 (Cy7), a-CD27 (clone L128) conjugated allophycocyanin (APC), and aCD3 (clone SK7) conjugated APC-H7. Samples were subsequently washed with 2 ml FACS flow buffer (BD Biosciences) and analyzed on a FACSCanto flow cytometer (BD Biosciences). Samples were compensated for spectral overlap with BD CompBeads (BD Biosciences) and relevant antibodies.
Data were analyzed with FlowJo v.9.2 (Tree Star, Ashland, OR) software ( Figure S1 ). A forward-scatter height versus forwardscatter area and subsequent forward-scatter versus side-scatter plot was used to define events that represent lymphocytes. B cells were defined as CD19/CD20 positive and CD3 negative and subcategorized using quadrant gates based on expression of IgD ). Results were expressed as B-cell concentrations, calculated as the fraction of the leukocyte count measured on the same day by routine lab analysis, or as subset percentage of the total B-cell fraction. The cell staining, data capture, and subsequent flow analysis were performed in a blinded fashion.
Statistical analysis
We calculated the vaccine antibody responses as the relative vaccine-specific IgG increase from pre-vaccination baseline to 3, 4, and 9 months, thus providing a correlate for total vaccine response adjusted for the patient's IgG concentration of the seven vaccine serotypes at the time of enrolment. The mean values of the seven PCV-7 serotype-specific IgG concentrations at 3, 4, and 9 months were calculated and each was divided by the mean baseline PCV-7 serotype-specific IgG concentration [8, 23] .
Similarly, the vaccine-specific OPA response for serotypes 6B, 14, 19F, and 23F was calculated as the mean value of the four measured serotypes at 3, 4 and 9 months respectively, divided by the mean baseline OPA titer.
The number of B cells and B-cell subpopulations were compared between the three patient groups by Student's T-test.
Correlations between the relative increase in PCV-7-specific IgG concentration or the OPA titer at the 3, 4, and 9-month follow-up visits and the pre-vaccination baseline B cell variables were evaluated by univariate linear regression analysis.
This was supplemented with multivariable regression analyses with adjustments for patient group (''ART-naïve'', ''impaired responders'', ''ART-responders''), CPG7909 adjuvant (yes/no), and current smoker (yes/no). Initially, adjustment for age was included in all analyses, but because this did not alter any results, age was excluded in the final analyses.
All variables were checked for normal distribution using quantile normalization. Logarithmic transformation was performed when appropriate to obtain normality.
Pre-vaccination baseline characteristics are presented as median values with interquartile ranges (IQR) for the continuous variables. Categorical variables are presented as counts and percentages.
P-values below 0.05 were considered significant. Statistical analyses were performed using STATA v. 11.1 (StataCorp, College Station, TX).
Results
Study population
The 95 patients categorized as ART-naïve, ART impaired responders or ART responders are characterized in Table 1 . Forty-seven patients (49.5%) received CPG7909 adjuvant with their pneumococcal vaccination. Four patients were lost to followup.
B cell counts were lower among ART-naïve patients than treated patients ART-naïve participants had lower B cell concentrations compared with ART responders (p = 0.02, Figure 1) . Furthermore, the ART-naive patients had lower numbers of naive B cells, compared with the ART responders (p = 0.02, Figure 1 ).
Memory B cell subsets were diminished among impaired responders compared to responders The concentration of IgM-only memory cells was higher among ART responders and ART-naïve patients compared with impaired responders (p,0.01, Figure 1 ).
ART responders had higher isotype-switched memory-cell counts compared with impaired responders and ART-naïve patients (p = 0.01 in both analyses, Figure 1 ), whereas there was no difference between ART-naïve patients and impaired responders. The percentage of isotype-switched memory B cells did not differ between the groups (data not shown). 
Total B cells demonstrated no correlation with vaccinespecific IgG response
In unadjusted linear regression analyses, the absolute B cell count did not predict the vaccine response as measured by the serotype-specific IgG concentration at 3, 4, and 9 months after PCV-7 vaccination (p.0.05 in all analyses, data not shown). Similarly, regression analyses adjusted for patient group, CpG adjuvant, and current smoking status showed no effect of total Bcell concentration on IgG vaccine response (p.0.05 in all analyses, Table 2 ). Furthermore, there was no association between naïve B cells with the plasma IgG concentration in unadjusted or adjusted regression analyses (p.0.05 in all analyses).
Isotype switched memory B cells strongly predicted vaccination responses
The vaccine-specific IgG concentration measured at 3, 4, and 9 months post vaccination correlated positively with MZ-like B-cell count in unadjusted and adjusted linear regression analyses (unadjusted: p,0.05 in all analyses, Figure 2 ; adjusted: p = 0.01 in all analyses, Table 2 ). The percentage of MZ-like B cells were not associated with the vaccine-specific IgG concentration (p.0.05 in all analyses, Figure S2 ) and similarly was no association between the MZ-like B cells and the vaccine-specific OPA titer found (p.0.05 in all analyses, Figure S3 ) IgG antibody concentration is calculated as the relative vaccine-specific IgG increase of the 7 Streptococcus pneumoniae polysaccharide serotypes contained in the PCV-7 vaccine from pre-vaccination baseline to 3, 4 and 9 months, measured by ELISA. B-cell counts are calculated as the routine lab lymphocyte count multiplied with the B-cell percentage of lymphocytes measured by flow cytometry. Adjusted for patient group ('ART-naïve', 'impaired responders', 'ARTresponders'), CPG7909 adjuvant (yes/no) and current smoker (yes/no). RC; Regression Coefficient (increase in log(mg IgG/ml) with 10-fold increase in cell counts/fractions), p; p-value, n; number of participants. The IgM-only B-cell count was not associated with vaccinespecific IgG concentration (p.0.05 in all analyses, Table 2 ).
Isotype-switched memory B cells demonstrated positive associations with the specific IgG concentration in unadjusted regression analyses at the 3 and 9-month follow-up visits (p = 0.01, Figure 2 ). In the adjusted analyses, isotype-switched B-cells predicted the specific IgG concentration at all follow-up visits (p,0.01 in all analyses, Table 2 ). The percentage of isotype-switched memory B cells was not associated with the specific IgG concentration in unadjusted regression analyses ( Figure S2 ). In the adjusted analyses, however, we found a positive association between the percentage of isotype-switched memory B cells and the IgG concentration (p#0.05, data not shown). Furthermore, the isotype-switched memory B-cell count was positively associated with the vaccine-specific OPA titer at the three-month follow up visit (p,0.01, Figure S3 ). We also found a positive correlation between the isotype-switched memory B-cell count and a minor reduction in IgG concentration from the 3-month visit to the 9-month visit (p,0.01, data not shown).
To further investigate whether the MZ-like or isotype-switched memory B cells were independent predictors of the vaccine response, both cell subsets were included in the multivariable model as predictors. In this analysis, the effect of the MZ-like cells was no longer present, whereas isotype-switched memory cells still predicted vaccine-specific IgG concentrations at the 3 and 9-month follow-up visits (p = 0.02 and p = 0.05, respectively). To determine whether the effect of isotype-switched memory cells was independent of the pre-vaccine CD4 T-cell count, this variable was added as a continuous parameter to the multivariable model. We found that isotype-switched memory B cells was a stronger predictor of the 3, 4, and 9-month IgG response than the prevaccine baseline CD4 T-cell count, inasmuch as only the isotypeswitched memory cells was related to the IgG response (isotypeswitched memory cells: p,0.02 in all analyses; CD4 T-cell count: 
Vaccine responses were not associated with B cell activation
The transitional B cells did not predict the vaccine-specific IgG concentration at any of the three follow-up visits in unadjusted (data not shown) or adjusted analyses (Table 2) . Similarly, no associations were observed between plasmablasts and the vaccinespecific IgG concentration at all three visits in unadjusted analyses (Figure 2) . However, in adjusted analyses, plasmablast cell count was positively associated with the IgG response at all three visits (p,0.05 in all analyses, Table 2 ), whereas the percentages of plasmablasts showed no correlation to vaccine response (p.0.05 in all analyses, Figure S2 ). Neither did the plasmablast cell count show any association with the vaccine specific OPA titer (p.0.05 in all analyses, Figure S3 ). We also investigated whether the concentration of plasmablasts was an independent predictor of the IgG response by adding isotype-switched memory B cells as a predictor of vaccine response. In this analysis, the association between plasmablasts and antibody responses was no longer present, whereas isotype-switched memory B cells still predicted the vaccine response at 3 and 9 months (p = 0.01 in both analyses).
We observed no effect of CPG7909 on the association between B cell subsets and the specific IgG response, neither in the adjusted or unadjusted analyses (data not shown).
Discussion
This study supports the essential roles of the B cell memory compartment and effective ART to achieve potent vaccine responses in persons infected with HIV. We found that isotypeswitched memory B cells strongly correlated with a specific IgG response to PCV-7. MZ-like B cells and plasmablasts also predicted the response to PCV-7; however, this was not independent of isotype-switched memory cells. We observed higher numbers of isotype-switched memory B cells and MZ-like B cells in ART responders compared with impaired responders and ART-naïve patients. Finally, ART was associated with reduced B-cell turnover, demonstrated by lower levels of transitional B cells and plasmablasts.
HIV infection causes B-cell memory defects [12] , and HIVinfected individuals had decreased antibody responses to T cellindependent antigens, such as the PPV-23 [19, 29] . Our study is the first to investigate the effect of B-cell subsets on the response to pneumococcal conjugate vaccination. The percentage of isotypeswitched B cells was previously reported to be positively associated with the antibody response to another T-dependent vaccine, Tetanus toxoid, among HIV-infected patients [19] . Conversely, the response to PPV-23 did not depend on isotype switched but instead on MZ-like B cells [19] . We found that isotype switched and MZ-like B cells both predicted the IgG response to PCV-7. The isotype-switched B cells predicted the response independently of the CD4 T-cell count. We speculate that the association of the IgG response with both isotype-switched and MZ-like B cells reflects that T-dependent and independent mechanisms are participating in the mounting of a response to PCV-7. It has previously been reported that vaccination of HIV-infected patients with PCV-7 enhance the magnitude and breadth of specific IgG responses compared with PPV-23 alone [30] . Patients vaccinated with PCV-7 developed T-cell responses and an increased production of Th1 cytokines in response to the diphteria-derived carrier protein [30] .
We found that patients responding to ART with an increase in CD4 cell count above 500 cells/ml had more isotype-switched and MZ-like B cells. These patients had a higher mean nadir CD4 Tcell count than impaired responders. The time since seroconversion was not known, but it is probable that part of the reason for the higher nadir CD4 T-cell count among responders was caused by earlier initiation of treatment than among impaired responders. Our study thus supports that treatment initiation at higher CD4 T-cell counts may be preferable to preserve B cell function. In the previously mentioned study comparing the effect of PPV-23 alone with PCV-7 among HIV-infected patients, a low nadir CD4 T-cell count predicted an impaired response in vitro to the carrier protein [30] . This is in accordance with the finding that patients treated with ART early during infection with HIV achieved stronger specific B-cell responses in vitro than patients treated during chronic infection [14] . Earlier treatment of HIV infection may prevent the irreversible damage to the memory B cell compartment and thereby increase the long-term humoral immunity of these patients [14] .
Our results emphasize the importance of distinction between IgM-only memory cells and MZ-like B cells. ART-naïve patients had high numbers of IgM-only memory cells, whereas the MZ-like B cells did not differ between the treated and untreated patient groups. These findings indicate that the two cell types are affected differently by HIV infection. The number of MZ-like B cells was decreased in impaired responders compared with ART responders, and predicted the vaccine response. This is in contrast with the findings of Hart et al who did not report a difference in the percentage of MZ-like B cells according to CD4 T-cell count among ART-treated patients, however, in that study higher levels were found among untreated patients with high CD4 T-cell counts. Our results suggest a higher degree of immunological dysfunction in impaired responders compared with responders. The concept of a specialized ''IgM memory subset'' has been challenged by a series of studies [15, 17] and has recently been reviewed [16] . Consistent with the observed association between MZ-like B cells and the presence of IgG antibodies in our study, the MZ-like phenotype is proposed to be a circulating counterpart of the splenic MZ cells. IgM + IgD + CD27 + MZ-like B cells are not classical memory cells but represent an independent B-cell lineage, which develops through a germinal-centre-independent pathway [16] . This is in contrast to IgM-only memory cells, which are believed to develop through a germinal-center-dependent pathway but with a yet undefined role [16, 28] . MZ-like B cells play an important role in the response to encapsulated bacteria. Patients lacking MZ-like B cells are susceptible to severe pneumococcal infections [15] . This includes patients with common variable immunodeficiency and splenectomized patients. In both groups, a low or missing MZ-like B-cell count is associated with recurrent pneumonia and lack of anti-pneumococcal antibodies [15] . Additionally, children have low numbers of MZ-like B cells, and peptide conjugation of the pneumococcal vaccine substantially reduces the risk of systemic pneumococcal infection in children because the conjugate vaccine elicits a T-cell dependent response [15] . Even though PCV-7 is a conjugate vaccine, and MZ-like B cells primarily produce IgM, we found that the number of MZ-like B cells predicted the IgG response to PCV-7. This is, however, in accordance with the role of MZ-like B cells in facilitating the development of germinal centres. B-cell turnover was reduced by ART, as evidenced by decreased concentrations of transitional B cells among treated patients. The concentration of plasmablasts was also lower among ART-treated patients. This is in accordance with the decrease in HIV-specific and non-specific antibody-secreting cells observed after ART initiation reported by Morris et al [31] and the finding of a decrease in the percentage of plasmablasts after initiation of ART reported by Moir et al [14] . It may seem conflicting with our other finding of a positive association between the concentration of plasmablasts and the vaccine specific IgG response in adjusted analyses. However, the analysis was adjusted for ART treatment and treatment response and thus we speculate that the positive association reflects that higher concentrations of plasmablasts within groups predict a higher potential for IgG production, which is needed for mounting a response to the subsequent vaccination.
The association between B cell subsets and PCV induced OPA responses was not as clear as it was for the quantitative vaccinespecific IgGs. Poor OPA responses have previously been shown to be associated with untreated HIV infection [8] . It has been suggested that HIV specifically interferes with the variable region gene family 3 which is involved in the synthesis of antipneumococcal immunoglobulins leading to dysfunctional antibodies with lower opsonophagocytic activity [32] . Thus, other mechanisms than pertubations of B cell subsets are likely to have an impact on OPA responses, which could explain why we did not find the same associations between B cell subsets for OPA as we did with IgG. IgG concentrations may be more relevant to study when correlations with B-cell subsets are assessed as immunoglobulins are the immediate products of terminally differentiated B cells, whereas OPA rely on several factors not controlled by B cells.
There were some limitations to our study. We analyzed the relationship between IgG response to PCV-7 and peripheral blood B cells since this is by far the most accessible compartment and the most widely studied. However, peripheral blood B-cell subsets are only proxies for the cells taking part in the response. Our data indicates that isotype-switched B cells is the only peripheral blood B-cell subset which can be used to predict the PCV-7 response in individual patients. We report significant associations to allow for further investigations in other studies. Another limitation was the small size of the group of impaired responders (n = 13), which limited the power of the analyses to detect differences between this subgroup and the two other groups. Nevertheless, we found several differences between this group and the treatment group.
The study did not include a healthy control group as the main study was designed to analyse the PCV-7 response among HIV patients. Healthy controls would however have made it possible to better isolate HIV-induced alterations in the distribution of B cell subsets. In the study we did not adjust for multiple comparisons. As our findings were often consistent between ART-receiving groups and between follow-up visits, we found it important to evaluate the general patterns of association between B-cell subsets and the vaccine response. Therefore we did not consider adjustment for multiple comparisons to be appropriate.
In conclusion, our study showed that isotype-switched memory B cells strongly predicted the PCV-7 vaccine response in HIV infected individuals and that the effect was independent of the CD4 T-cell count. MZ-like B cells and plasmablasts also correlated positively with the IgG response, although not independently of isotype-switched memory B cells. Patients who responded immunologically to ART (CD4 cell count .500 cells/ml) had increased numbers of both isotype-switched and MZ-like memory B cells compared with immunologically impaired responders (CD4 cell count ,500 cells/ml after more than 3 years of continuous ART). ART was associated with reduced polyclonal B-cell turnover. Our findings emphasize that B-cell subset disturbances are associated with poor vaccine response among HIV-infected patients and support the idea that B-cell perturbations play an important and independent role in HIV pathogenesis. Associations between the cell subsets (log cells/ml) plotted against the vaccine-specific opsonophagocytic activity (OPA) (log (OPA titer)) at 3, 4, and 9 months. (EPS)
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